To estimate the remaining life of existing RC bridge decks damaged by alkali silica reaction (ASR), multi-scale numerical analysis with chemo-hygral model is integrated with visual inspection data at site. First, the applicability of the poro-mechanical models for ASR expansion in the multi-scale frame are examined with the experiments of the real scale RC slabs and the model is validated to bring about fair prediction of the 3D anisotropic expansion and the fatigue life of the slabs. Second, visually inspected cracks on bottom surfaces of RC decks are converted to space-averaged strains, and the magnitude of ASR is estimated from the vertical deformation, based on which the internal pre-stress and the damage fields are re-produced by numerical predictor-corrector cycles, and the remaining life of ASR damaged RC bridge decks is fairly estimated. By conducting sensitivity analyses in terms of ASR-gel volumes and cracks, allowable error range of site inspection data is clarified to meet the requirement of asset management.
Introduction
RC slabs in bridge decks, which generally have smaller thicknesses compared to span length, directly bear the loads of vehicles. Hence, heavy traffics cause deterioration of the slab decks under highly repeated moving loads. In some northern districts in Japan, serious deteriorations of bridge slabs have been reported, especially because of the severe cold climate and anti-freezing agents sprayed every winter. Anti-freezing agents, which contains high alkalinity, may accelerate alkali silica reaction (ASR) as well. The combination of ASR and high cycle moving loads may result in the great deterioration of structural performances. To know the long-term performances of such RC slabs, coupled effects of those factors should be investigated.
The mechanical behavior of ASR damaged concrete and its prediction by modelling have been extensively studied (e.g. Bažant and Steffens 2000; Multon and Toutlemonde 2006; Multon et al. 2009; Grimal et al. 2010; Saouma 2014; Saouma et al. 2015; Bangert et al. 2004; Liaudat et al. 2015) . The anisotropic ASR expansion under three dimensional confinement is also investigated (Multon et al. 2009 ) and some models have being applied to structural scale problems (Saouma 2014) .
Meanwhile, the authors have been developing a multi-scale chemo-hygral computation system (Du-COM-COM3, Maekawa et al. 2008; Maekawa and Ishida 2002) . Based upon the recent updates to deal with the multi-ionic states of equilibrium Ishida 2013, 2014) , a strong coupling model of chemical reactions and mechanics has been made (Takahashi et al. 2014 (Takahashi et al. , 2015 . Here, the multi-directional non-orthogonal cracking model (Maekawa and Fukuura 2014; Maekawa et al. 2003 ) is combined with poro-mechanical scheme of the solid-liquid two phase interaction model Takahashi et al. 2016a) .
First, experimentally obtained responses of ASR damaged RC slabs are simulated under wheel-type moving loads, and the applicability of the model and the coupled effect of ASR and condensed water are investigated in line with the fatigue life. Second, for assessment of remaining life of ASR damaged slabs, data assimilation procedure to combine the multi-scale analysis with visual site inspection data is proposed by extending the pseudo-cracking method for normal RC Tanaka et al. 2017) to the case of ASR damages.
Referential experiment for verification
This paper aims to develop a technology to estimate the remaining life of the bridge slabs damaged by ASR expansion and cyclic mechanical loads. If the periodical inspection data of real bridges, past ambient states and traffics would be fully available for the whole life, the series of data can be useful for verifying its reliability of remaining life assessment. However, full information about individual bridge has been rarely recorded for ASR deteriorated structures, and the initial quality and used materials of constructed concrete on which the scientific discussion can be based is generally unknown nor unrecorded in practice. Then, the fatigue loading experiments of high quality and reliability with real scale specimens by Maeshima et al. (2016) are referred for verification and validation processes of the proposed model in this study. Maeshima et al. (2016) conducted experimental studies on the fatigue life of RC slabs, as shown in Fig. 1 . Dimensions of the slab specimens are 3,000 mm length, 2,000 mm width and 160 mm thickness as shown in Fig.  2 . Double layer deformed bar arrangement was applied with 30 mm of cover depth. SD 295A type of D16 and D13 deformed reinforcing bars were arranged in both longitudinal and transverse directions, respectively. Spacing of reinforcing bars in the lower layer are 150 mm and 125 mm in each direction. Spacing of the bars in the upper layer is double of its lower one. To study the effect of ASR on the structural behaviors, they prepared four RC slabs with the same dimensions (N-d, R-d, R-w and S specimen) and exposed them to each condition of ASR acceleration as listed in Table 1 . Two levels of accelerated ASR (Rapid and Slow) were prepared and the difference in volumetric expansions were studied in detail. During the moving load tests of R-w specimen, liquid condensed water was supplied on the surface of the specimen (Wet condition). Then, the coupled effect of ASR damage and water on the fatigue life was studied compared to the no-water splayed specimen (R-d, dry condition). Table 2 shows the mix proportion of concrete used. Ordinary Portland cement, two types of crashed sand, crashed gravel, water reducing admixture agent (Ad1) and air reducing agent (Ad2) are used for the mixture. Tight sand stone (Sand 1) and granite (Sand 2) are used as fine aggregate and they are both non-reactive for ASR. The gravel is andesite and it is known to be reactive for ASR. Additional 18.9 kg/m 3 of sodium chloride is included to mixture to accelerate ASR. After casting, four different curing processes are applied as shown in Fig. 3 . There are two types of ASR acceleration conditions as mentioned before. One is rapid acceleration and the specimen is stored in the environmental control room which are kept 50 ºC and RH 80% and its top surface is kept covered by saturated sodium chloride solution ( Fig. 1 Overview of wheel type loading (Maeshima et al. 2016) . 
Specimen conditions
N-d ✓ R-d ✓ ✓ R-w ✓ ( ✓) ✓ S ✓
4).
The other is slow acceleration and the specimen is stored in 5% sodium chloride solution in the tank located outdoors (Fig. 5) . Details of time lengths in Fig. 3 are determined according to the availability of loading machine and specimen stored spaces. The expansions of concrete are measured in three direction (x: horizontal longitudinal direction, y; horizontal transverse direction and z: vertical direction) with embedded type strain gages at the center of specimens.
Loading program
After the curing process of each specimens, the steel wheel is set up at the span center. The width and the traveling distance of the steel wheel is 400 mm and 2,000 mm, respectively, as shown in Fig. 6 . The initial wheel load was set as 98 kN which coincides with the allowable wheel load specified in the Japanese specification for road bridges (Japan Road Association 2012). In order to accelerate the loading experiment, the magnitude of the load was increased step by step as shown in Fig. 7 , and their traveling cycles were converted to equivalent cycles with regard to 98kN load-level by using Miner's law (Matsui 1996; Hashin 1979; Fatemi and Yang 1998; RILEM committee 36-RDL 1984; Hiratsuka et al. 2016) as,
where, N eq is an equivalent traveling cycle, P 0 is the base referential load (98 kN), n i is the traveling cycles with load P i , and m is the inverse of the gradient of S-N curve (=12.76). The live load deflection, i.e., incremental one related to the applied load and equivalent to overall damages (Tepfers et al. 1984) , was periodically measured with 98 kN of the point load at the span center of the specimen. Total displacement was not continuously measured in this experiment, but checked periodically in order to avoid the fatigue failure of the displacement transducers and other measuring devices. For R-w specimen, condensed stagnant water was applied to the surface of the slab through ponding in the area shown in Fig. 6 during the moving fatigue loads. Figure 8 shows the measured expansion of R-d, R-w and S specimens. Due to different temperature paths, humidity and the alkali supply conditions for each specimen, different progressive expansions are observed. For R-d and R-w specimens, a dramatic expansion of ASR develops in the acceleration period, while S specimen has gradual and steady inflation in z-direction. We can see the clear anisotropy in ASR expansion as well. The expansion in the vertical direction of free confinement is the greatest and it is almost 3-5 times larger than the other in-plane horizontal directions having steel confinement. Anisotropic confinement against ASR expansion is consistently created according to the in-plane arrangement of steel, and it leads to the well-known anisotropic expansions (Saouma et al. 2015; Gautam et al. 2017) .
Test results and crack patterns at bottom surface
As reinforcement ratio in the vertical direction is much less than others, the vertical ASR expansion must be dominant in the case of RC slabs, because the migration of ASR gels is forced in the slab thickness direction, because the in-plane confinement creates paths for ASR gels to escape in the thickness direction. In the later section of this paper, the authors will discuss the poro-mechanistic simulation of ASR gel migration as stated above. At the same time, the easier release of ASR gel pressure owing to the shorter distance to the slab surfaces is also simultaneously taken into account in simulation (Takahashi et al. 2016a) . These characteristics of slab dimensions (both plat shape and small size of thickness) are qualitatively and quantitatively considered. Figure 9 shows the live-load versus deflection diagram with regard to the equivalent traveling cycles. The live load deflection unceasingly increased in accordance with the loading cycles. Though the live load deflection at the first cycle in the ASR case is larger than no-ASR, the fatigue life is one-order (10 times) longer than that of non-ASR. It was mentioned that chemical pre-stress can partly restrain the increase in the deflection of live loads (Maeshima et al. 2016) . Here interestingly, the effect of water is not so significant for the ASR cases when we compare the results of R-d and R-w, although it is known that the existence of water generally reduces fatigue life dramatically in the no-ASR concrete cases (Matsui 1987; Hiratsuka and Maekawa 2015) . Figure 10 shows the crack patterns observed on the bottom surface with R-d specimen. Visible cracks which are larger than 0.05 mm is recorded and written in Fig. 10 . Cracks gradually progressed with the increase in the wheel load passages. Cracks in transverse direction were mainly formed by 100 thousands cycles. Then, both number and average crack width increased by 200 thousands cycles (3 million equivalent cycles) and lattice type cracks were progressed. At 272.4 thousands cycles (100 million equivalent cycles), lattice-type cracks are connected each other and the large crack width was observed. Just after 100 million equivalent cycles, the R-d specimen reached to the fatigue limit. According to the experimental results, 1.63 mm in live load deflection can be regarded as the fatigue limit of R-d specimen (Maeshima et al. 2016) . These crack location, orientation and their width on the surface will be used for data assimilation of remaining life assessment in this paper (see Chapter 5). This information is usually available as the first choice of real bridge management data by hand sketch and/or photographs, and most easily obtained at site. Furthermore, the crack information is effectively digitalized with which we may run some numerical methods more easily (Koyama et al. 2012) .
Analysis method and basic models
In this study, the authors use the multi-scale chemohygral model as summarized in Fig. 11 (Takahashi et al. 2016a) . The non-orthogonal multi-directional cracking model (at most 6-ways) is built in the multi-scale scheme (Maekawa and Fukuura 2014) . The moisture and other ion transports are simultaneously solved so that internal moisture state and alkali distributions can be taken into account Ishida 2013, 2014) . Based on this composition of mass and momentum conservations, strong coupling between the material properties and the mechanical phenomena is realized in the simulation of the life of structural concrete.
In the structural calculation scheme, the multi-scale model can consider the path dependent constitutive laws (Maekawa et al. 2006) as overviewed in Fig. 12 . Compression, tension and shear transfer models of cracked concrete are formulated as core constitutive laws of one-dimension. To consider the damage by time dependent plasticity and high cycle fatigue, the stiffness reduction is expressed in terms of the fracture parameter, which are marked in red as shown in Fig. 12 . The evolution laws of the fracture parameters are formulated in compression along cracking, tension normal to cracks and shear transfer along crack planes. In compression, the fracture parameter denoted by K c represents the capability to store the elastic strain energy along cracking, and the evolution law is formulated with respect to the elastic strain path and the time. The fracture by cyclic fatigue is expressed with the term colored green, and the term is calculated based on the fracture degradation rate, λ, which consider the effect of repeated elastic strain (Maekawa and El-Kashif 2004) . Similarly in tension, the path-dependent parameter denoted by K t is defined normal to cracking and its evolution law is modeled as shown in Fig. 12 . For shear transfer along cracking, creep evolution of the shear deformation is not assumed but the cyclic accumulated damage denoted by X is considered for fatigue evolution.
These models are integrated with the chemical reaction model for ASR gel generation and its Fig. 11 Scheme of multi-scale chemo-hygral computation. (Takahashi et al. 2016a) poro-mechanical model by Takahashi et al. (2014 Takahashi et al. ( , 2015 . The basic models to calculate the ASR gel generation as well as the isotropic/anisotropic pressures induced by created gels are summarized in Fig. 13 . The generation of ASR gel is formulated based on the chemical equations. The rate of ASR is expressed as a function of the alkali concentration, updated free water and the content of reactive aggregates as Eq. (a) in Fig. 13 . The environmental variable such as the temperature and relative humidity have also been considered to affect the gel generation rate (Eq. (b) and (c) in Fig. 13) . As the reaction goes on, both alkali and water will be consumed, and the reduced alkali and water will affect the chemical reaction rate reciprocally in Eq. (f) and (g).
On the basis of generated gel volume (Eq. (e)), the stress formation can be automatically calculated by simultaneously solving the stress equilibrium and the deformational compatibility similar to the thermal stress analysis of structures. Here, some parts of the created gels can contribute to stress formation, but the other parts do not. The silica gel is partially absorbed into the capillary pores (Muranaka and Tanaka 2013) and the amount of absorbed gel can be calculated by Eq. (h). The resultant remaining gel may substantially contribute to the stress formation. The generated ASR gel is thought as a semi-liquid substance and the total pore pressure is composed of both isotropic pressure by liquid gel and anisotropic pressure by solid gel (Eq. (i) -(k)). Driven by the high pore pressure, the liquid ASR gel will intrude into larger capillary pores, and the critical size of pores which the ASR gel can fill depends on the pore pressure and surface tension of liquid gel. In order to express the solid-liquid coexisting states, parameter β is introduced, which is the ratio of the solid phase to total ASR-gel. The proposed model has been sufficiently verified by ASR experiments, for both the uniform expansion under unconfined condition and the non-uniform expansion with confinements (Takahashi et al. 2016a ).
Model verification with referential experiments

Simulation of ASR expansion and fatigue life of RC slab
With the multi-scale calculation scheme explained in Chapter 3, expansion behaviors of experimented RC slabs are tried to be simulated. Analytical finite element discretization is prepared in the same dimension with the experiment as shown in Fig. 2 . Taking advantage of symmetry, only halves of the slabs are numerically modeled. The temperature, humidity and alkali supply condition to each face is set as explained in Chapter 2 and Fig. 3. Figure 14 shows the computed strains in vertical and horizontal directions for each R-d, R-w, S specimen. Compared with experimental results as shown in Fig. 8 , similar trends can be simulated with the multi-scale models incorporated with ASR poro-mechanical ones. Different conditions about ASR acceleration makes clear difference in the rate of expansion and anisotropy in ASR expansions of RC slabs are well simulated in all three cases.
In R-d case, the strain in z-direction is simulated around twice of experimental results. Here, initiation of gel pressure and fracture toughness of plain concrete have much to do with such a quite rapid expansion by analysis. The produced ASR-gel volume is calculated with the assumed chemical process and expansion is computationally ignited sharply, once vacant spaces of voids and pores are finished to be occupied by the ASR gel volume (see Chapter 3). Thus, it leads to sudden rise of pressure to cause cracking.
But in reality, it is natural to consider that some transient zone of rising pressure might exist and it may make the initiation of expansion milder owing to micro-pore's connection of complexity. The authors also reason that the transient stage of rising pressure can cause such a difference at the very beginning of volumetric expansion, because no reinforcement is placed in z-direction just like plain concrete. Then, the rapid crack propagation through continuum of perfect uniformity is computationally forced to develop in z-direction quantitatively unlike the case of experiment. In considering this imperfection, we may judge that the applicability of the models for the 3D expansion is qualitatively acceptable for data assimilation toward real scale RC slabs as presented. As far as the small scale's structural concrete, its applicability was also validated (Takahashi et al. 2015 (Takahashi et al. , 2016a . Then, the authors decided to keep this simple assumption at this stage of model development, because this sharp numerical event normal to crack planes in plain concrete is not much materialized in the process of data assimilation for reinforced concrete.
Next, the fatigue life of RC slab with ASR expansion was tried to be assessed with multi-scale scheme. Here, created ASR gel volume [m 3 /m 3 ] is directly set as input of calculations to reproduce the more realistic expansion state in experimented specimens. For R-d case, 0.005 [m 3 /m 3 ] of ASR gel is induced before the loading step. As a result, the expansions were approximately 3,000μ in the vertical direction, and 800μ in the in-plane horizontal directions, due to the confinement by the dispersed reinforcing bars. For R-w case, 0.010 [m 3 /m 3 ] of ASR gel is induced and approximately 6,300µ in vertical, 1,200µ in horizontal expansion is appeared. To consider the water existence and its effect in cracks in R-w case, the poro-mechanical model for condensed water ) combined with ASR model are activated and utilized in the simulation. Figure 15 shows both the absolute and the live load deflections at the mid-span of the slabs under cyclic moving loads. The value for absolute deflection is calculated as {(total deflection) -(residual deflection at first loading step)}. If we examine the analytical results of the live load deflection, a similar trend with the experiment can be observed. The deflection of N-d case exceeds R-d and R-w case after about million cycles. If we examine both total and live load deflections, the fatigue life is larger in ASR cases than in no-ASR cases.
From these analytical and experimental studies, it can be mentioned that ASR may have some beneficial impact on the structural performance of RC slabs as indicated in other previous studies (Ahmed et al. 1998; Bilodeau, et al. 2016; Hansen et al. 2016) although the rupture of poorly bent reinforcing bars could be triggered by ASR (Japan society of Civil Engineers 2005). It was computationally explained that the prolonged life by ASR attributes to pre-stressing action induced by stretched reinforcement (Takahashi et al. 2016b) . It is also confirmed as shown in Fig. 15 that the multi-scale scheme with poro-mechanics can be used for the lifetime assessment of RC slabs with ASR expansion. The material damages under high cycle repetition of loads are primarily affected not by the absolute magnitude of stresses but by their amplitudes. As a matter of fact, ASR induced pre-stress by steel decreases the amplitude of concrete stresses no matter how the absolute stress levels may increase.
The effect of stagnant water is not significant in simulations as much as R-d case and R-w case in comparison. As mentioned previously, it is commonly known that the presence of water in cracks reduces the fatigue lives of bridge slabs (Hiratsuka and Maekawa 2015) . On the contrary, in both ASR experiments (Fig. 9) and analyses ( Fig. 15) , water curiously doesn't have much effect on the fatigue life when ASR cracking develops over the RC slab. According to the analysis, pore water pressure hardly rise because of the easy drainage of condensed water along with many cracks induced by ASR expansion (Takahashi et al. 2016b) . Then, the impact of water is substantially lost and the fatigue life is less degraded. These analysis results are interestingly consistent with the facts of experiments (Maeshima et al. 2016) although some further investigation would be expected to enhance the accuracy quantitatively. Furthermore, the parametric study is arranged to strengthen this logics as follows. Figure 16 shows the sensitivity with different ASR gel volumes, i.e., 0.003, 0.005 or 0.010 [m 3 /m 3 ] for R-d and R-w case. The computed fatigue lifetime is not so different for the dry conditions, while there is a clear difference in the wet cases. The greater ASR expansion extends the fatigue life as shown in Fig. 16 (c) when stagnant water covers the slabs. It can be understandable that cracks due to ASR-induced expansion is large enough to release the water pressure caused by cyclic loadings as mentioned above. The major reason of fatigue life reduction with liquid water in cracks is known as a microscopic damage between cement paste and aggregate due to repetitive water pressure rise (Hiratsuka and Maekawa 2015) . But, when the RC slab has many cracks with ASR expansion, such a pressure rise does not occur so much. Thus, the fatigue life reduction with condensed water may not appear clearly. The large ASR induced damage interestingly brings about two benefits for fatigue life in terms of pre-stress to concrete from steel and the drainage paths of condensed water.
Data assimilation of RC slabs damaged by ASR
Data assimilation by pseudo-cracking method
The authors apply the pseudo-cracking method to use observed cracking converted to the strain field based upon finite element mesh discretization as shown in Fig. 17 . The widths and directions of cracks observed from bottom face with visual inspection are converted to the space-averaged strains on the finite element mesh. After crack inspection (Step 1), the width of nonvisible inner cracks is assumed to develop up to the flexural neutral axis linearly (in-plane hypothesis) as the first candidate of internal damages and the crack widths and directions are converted to equivalent smeared averaged strain in each mesh layer (
Step 2). "Input strains" are calculated based on the relationships between past-experienced stress and residual stain (Step 3). Then, nodal degrees of freedom are numerically fixed and the calculated "input strain" is set as a counter strain at each element (Step 4). Then, cracking can be numerically reproduced in each finite element similar to the inspection data (Step 5). Afterwards, nodal restraint is released so that the equilibrium conditions are satisfied with damages (Step 6). After this pseudo-cracking approach, the cyclic wheel-type moving load is computationally applied for searching the most probable internal damages, and the remaining life assessment is seamlessly conducted. This data assimilation approach with pseudo-cracking method was examined firstly by using actually damaged bridge slabs, which was taken out from the real bridge and conveyed to the laboratory to test the remaining life ).
More detailed verification of pseudo-cracking method was conducted by Tanaka et al. (2017) with non-ASR slabs having the same dimension as the one in this study. Figures 18 and 19 show the evolution of center deflection with both linear and logarithmic scales, in which we see the zig-zag deflection at unload and re-loading of 94 kN. Here, its amplitude of zig-zag curve corresponds to the direct response against live load pulsation as shown Fig. 17 Initial setting of internal cracking and conversion to smeared strains. in Fig. 19 . The live-load deflection derived from Fig. 18 indicates the stiffness of the slab in accordance with the state of damage in progress. Data assimilation analysis with the initial cracking by the pseudo-cracking starts in the middle of lifetime and it should coincide with the referential analysis for practical purpose. Tanaka et al. (2017) also illustrated the strain fields of 3D extent which successfully converged to the true solution as well as the deflection by means of the predictor-corrector method.
The predictor-corrector iterative cycle (Zienkiewicz, et al. 2014; Maekawa et al. 2003 ) is a powerful numerical technicality to search highly nonlinear solutions of structural dynamic identification of both current and future status. The authors proposed the following detailed process and the successful data assimilations for damaged RC slabs were achieved (Tanaka et al. 2017) .
(1) Some of state parameters (e.g., crack direction and width, residual stiffness) are assumed based upon site inspection data and set up in each finite element by inputting these values into program memory spaces. Afterwards, we can compute the unbalanced forces within the scheme of finite element method. (5) The total strains are repeatedly modified according to the unbalanced forces till the equilibrium (corrector). Through this process, the progressive damage in each finite element is computed by using defined evolution laws.
Data assimilation of ASR-damaged slabs.
Fatigue life assessment with pseudo-cracking approach as shown in the previous section is applied to ASR damaged RC slabs. The measured live load deflection of R-d case is used as the referential. For this specimen, 1.63 mm of live load deflection, which is equivalent to the case where no bond might develop and has been used for the past experimental studies, is stipulated as the limit state for the structural fatigue failure (Maeshima et al. 2016) . The number of load cycles till fatigue limit is about 100 million. Figure 20 shows the comparison of experimental results with analysis. Here, we have to exclude the fluctuation regarding the reproducibility of loading experiments when the model verification and validation are executed. As a matter of fact, it is known that the shear capacity may fluctuate with approximately 10% coefficient of variation even if we conduct highly accurate testing in laboratory. But, the deflection at the shear limit state is also known to hardly fluctuate with high reproducibility. We have the same story for the test of material strengths and the logarithmic scale of fatigue life versus load amplitude. Then, in consideration of such reproducibility for fatigue tests, two levels of loads of 10% difference are checked for validation, and we may examine whether both cases bear reasonable prediction around the experimental results or not. Between the two analysis cases, the load of 110 kN and the analysis bring about good agreement with each other on the fatigue life. Thus, this load is used in the following data assimilation process with reasonable reliability.
Observed cracking at 0.10 million, 3.0 million and 100 /m 3 ] of ASR gel, the strain field is installed and then the cyclic moving fatigue loads are applied in the simulations. Figure 21 shows the zig-zag curve of center deflections with the repetitive 110 kN of loading and unloading. Figure 22 shows the evolution of live-load deflection derived from Fig. 21 . From these results, we can see that the data assimilation with pseudo-cracking method is applicable in ASR damaged RC slabs. Both total deflection and live-load deflection successfully converge to the referential targets which have been verified to be close to the reality in advance. Figure 23 shows the converging process with the data assimilation approach with the observed crack at 3.0 million of equivalent loading cycles. In view of the internal normal strain distributions in longitudinal direc- tion, damages of concrete are displayed in Fig. 23 . At the beginning stage indicated by mark ❶, the strain distribution on the bottom surface of concrete is largely different from the reference analysis as denoted by ①. But, gradually the damages are progressed with the cyclic loading and finally, the strain localized area is created similar to the referential cases (❷ and ②).
In order to make clear the allowable error range of ASR estimation and inspected crack trajectory, the sensitivity analysis with regard to the input variables was conducted. Figure 24 shows the simulation results with various ASR expansions before the pseudo-cracking process where the crack trajectory and the width are unchanged. In the range of 1000-6000µ, the computed life stays within the variation of about 50% of the true value, while 0µ (no-ASR) and 13500µ case has obviously less remaining life far from the true solution. Thus, it can be said that whether or not ASR occurs is the first, and its magnitude is the second in practice. We may conclude that required precision of ASR estimate is rather tolerant due to the integrated multi-scale analysis. Figure 25 shows the sensitivity of crack width by keeping the crack trajectory unchanged. Roughly speaking, two time error of crack width may cause two time lifetime variation. It means that the allowable error range should not be specified by the magnitude of crack width, but by the ratio. Let us consider the case where a required accuracy of lifetime prediction is ±2 times for asset management. If the measurement is 0.2mm reported from the site, for example, the true value should be more than 0.1mm and it must be less than 0.4mm. Then, when we use the data assimilation of site inspection and numerical analysis, allowable error range can be enlarged. It is one of advantages of the data assimilation. 
Scheme of data assimilation for ASR damaged decks
This chapter is to summarize the recommended scheme of data assimilation for lifetime assessment of RC decks as shown in Fig. 26. (1) First, it is critical to judge whether or not the ASR takes place in accordance with cracking and others. If ASR would be identical and sufficient inspection could not be expected, we may avoid the inspection of stagnant water in between pavement and concrete slabs, because the state of stagnant water on the deck slabs has less impact to the lifetime of ASR damaged slabs. If we can afford, it is of course highly encouraged to inspect the moisture. On the contrary, if ASR is not identical, inspection of stagnant water must be performed since it is very critical for lifetime of the deck under traffics. (2) The produced gel volume shall be identified. If we may inspect the lateral side face of the slab concerned, the gel volume can be simply obtained as shown in Fig. 26 . In this case, rough estimation of ASR gel volume is acceptable in view of its sensitivity. If there is no crack data on the lateral face, the authors recommend to assume 0.1% gel volume as an input, or to conduct non-destructive testing such as an acoustic wave velocity, percussion sound and ultrasonic wave detection in the thickness direction. (3) Finally, the visual or camera based inspection data of cracking on the bottom face of the slab (Koyama et al. 2012 ) is converted to the smeared strain field. This converted digital data is addressed to the pseudo-cracking procedure , and finally, the remaining lifetime is obtained as shown in Fig. 26 .
Conclusion
In this study, the remaining fatigue life assessment of RC bridge slabs damaged by ASR was conducted with data assimilation approach, and we have the following conclusions. 1) Multi-scale analytical scheme which contains poro-mechanical model for ASR expansion can be applied for the simulations of anisotropic expansion of real scale RC slabs and its life time simulations. ASR expansion can have some beneficial impact to the fatigue life of RC slabs. 2) ASR-induced distributed cracks can reduce the water pressure rise inside cracks and it leads to the less negative effect of water on fatigue life in ASR-damaged RC slabs. 3) Data assimilation approach based on the pseudo-cracking method can be applied to RC bridge decks damaged by ASR expansion. 4) The sensitivity analyses on the variation of the site inspection data make clear the necessary and sufficient level of accuracy of inspection methods.
